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a  b  s  t  r  a  c  t
Natural  coir  ﬁbres  are  studied  for  use  as reinforcement  in composite  materials.  In order  to  efﬁciently  use
the ﬁbres  and  understand  the  composite  properties,  the  microstructure  and the  mechanical  properties
of  coir  ﬁbres  are  investigated  in  this  study.  X-ray  microtomography  in  SEM  (SEM-CT)  and  SEM  image
analysis  are  used  to  examine  the  ﬁbre  internal  structure  including  the  organisation  of elementary  ﬁbres,
microﬁbril  angles  and  ﬁbre  porosity.  Mechanical  properties  of  coir  ﬁbres  are determined  by performing
ﬁbre  tensile  tests,  in  which  an  integrated  optical  strain  mapping  system  is  used to deﬁne  ﬁbre  strain  for
producing  more  reliable  values  of E-modulus  and  strain  at failure.  The  results  show  that  technical  coiricrostructure
ensile properties
-ray tomography
ﬁbres  comprise  plenty  of elementary  ﬁbres  and  a lacuna  at the centre.  The  elementary  ﬁbre  is  built  up  by
two  main  cell  walls  which  consist  of bundles  of microﬁbrils  with  a large  misorientation  with  respect  to
the  elementary  ﬁbre  axis.  Coir  ﬁbres  appear  to  have  a high  porosity  of  22  to 30%.  The  high  microﬁbrillar
angle  in  the  coir ﬁbres  leads  to the  low  stiffness  in  ﬁbre direction  and to high  elongation  to failure  thanks
to  reorientation  of the microﬁbrils  under  tensile  loading.
© 2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Natural ﬁbres have recently attracted the interest as composite
aterial reinforcement, thanks to their good mechanical prop-
rties in combination with lightweight. Additionally, they have
nvironment-friendly characteristics such as low energy utilisa-
ion, renewability and biodegradability. As extracted from natural
lants, natural ﬁbres have a variation in mechanical properties
hich are mainly attributed to the microstructure and chemical
omposition of the ﬁbres. To efﬁciently use natural ﬁbres in com-
osite materials, it is necessary to investigate the morphology,
tructure and mechanical properties of the ﬁbres, which inﬂuence
he properties of their composites.
The natural ﬁbres used in composites are commonly deﬁnedPlease cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
s technical ﬁbres. A technical natural ﬁbre consists of several
ells referred to as elementary ﬁbres. The elementary ﬁbre is
ainly formed out of multiple cellulose–lignin/hemicellulose cell
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E-mail address: tranlqn@simtech.a-star.edu.sg (L.Q.N. Tran).
ttp://dx.doi.org/10.1016/j.indcrop.2014.10.064
926-6690/© 2014 Elsevier B.V. All rights reserved.wall layers, in which crystalline microﬁbrils based on cellulose are
connected into the cell wall layer by amorphous lignin and hemi-
celluloses (Bledzki and Gassan, 1999; Burgert, 2006; Fengel and
Wegener, 1989; Lefeuvre et al., 2014). The cell wall layers can have
different thickness, chemical organisation and orientation of the
cellulose microﬁbrils (microﬁbrillar angle – MFA) (Burgert, 2006;
Müssig and Stevens, 2010; Tomczak, 2007).
The mechanical properties of natural ﬁbres depend on the
organisation of the cell walls with regard to cell wall/lumen ratio
and the cellulose MFA  in the dominant cell wall layers. In rela-
tion with ﬁbre cross-section, higher density ﬁbres are stiffer and
stronger than the lower density ones. The elastic modulus and
strain at failure of ﬁbres are also dependent on the MFA. A small
MFA, in which cellulose microﬁbrils are oriented almost parallel to
the axial direction, leads to a high modulus of elasticity, whereas
the stiffness is substantially decreased for higher MFA’s (Lefeuvre
et al., 2014; Navi et al., 1995; Page et al., 1971).
The mechanical properties of ﬁbres can be determined by ten-
sile testing of either individual (single) ﬁbres or ﬁbre bundles. Theicrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
single ﬁbre tensile tests have been applied on a wide number of
natural ﬁbres including ﬂax, hemp, jute, bamboo and coir (Baley,
2002; Martin et al., 2013; Osorio et al., 2011; Pickering et al., 2007;
Silva et al., 2000), in which the ﬁbre is usually glued onto a paper
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rame with a ﬁxed test length. The test length varies from 1 mm
n the study of Snell et al. (1993) to 50 mm reported in Silva et al.
2000), depending on the ﬁbre structure. The latter method is dry
bre bundle tensile test, which was initially developed for char-
cterisation of synthetic ﬁbres (Chi et al., 1984; Coleman, 1958),
nd later applied on natural ﬁbres (Trujillo et al., 2014). In most
ases, it is not possible to use an extensometer for measuring ﬁbre
train due to the small dimensions involved. For single ﬁbre testing,
efoirdt et al. (2010) have presented a correction method for sin-
le ﬁbre tensile tests to determine the real elongation of the ﬁbre
hen only the registered displacement of the clamps is available.
he method is however time consuming because a high number of
ingle ﬁbre tensile tests has to be carried out at various test lengths.
The aim of this work is to study the microstructure and the ten-
ile mechanical properties of technical coir ﬁbres. SEM and X-ray
icrotomography in SEM (SEM-CT) are used to examine the ﬁbre
nternal structure and ﬁbre porosity. The mechanical properties
f coir ﬁbres are then determined in tensile tests integrated with
ptical strain mapping. The relation between ﬁbre structure and
bre properties will be discussed based on the results of the above
nalysis.
. Experimental
.1. Coir ﬁbres
Coir ﬁbres used in this research are long coir ﬁbres (ﬁbre length
n the range of 200–300 mm)  which were provided by Can Tho Uni-
ersity – Vietnam. The ﬁbres were mechanically extracted from
usk shells of premature and mature coconuts (10–12 months on
he plant) with a purely mechanical extraction process, which can
eep the ﬁbre as long as possible. There was not any retting or
hemical treatment applied before extracting the ﬁbres. The ﬁbres
re then soaked in hot water at 70 ◦C for 2 h, washed with ethanol,
insed with deionized water and dried in a vacuum oven at 90 ◦C.
hese ﬁbres were preserved in a conditioned room at 25 ◦C and
umidity of 50% for later studies.
.2. Investigation of the ﬁbre microstructure using SEM and
EM-CT
For the analysis of the internal ﬁbre structure and the ﬁbre
orosity, both SEM and SEM-CT were used for characterisation on
he same ﬁbre samples, and the results from the two methods were
ompared.
In the ﬁrst method, SEM images of three different cross-sections
ere taken for each ﬁbre. With the help of the software Leica QWin,
he area of the ﬁbre cross-section and the lumens were determined.
hese data were also used for the calculation of the ﬁbre porosity
ased on the ratio between the porous area and the area of the ﬁbre
ection.
The second method was X-ray tomography scanning of the ﬁbre
egments by SEM-CT, with the SkyScan micro-CT attachment for
he XL30 SEM. Titanium was used as a target in combination with
0 kV voltage on the electron beam to generate X-rays. The entire
bre segment was scanned, and then a full volumetric image was
btained after reconstructing the scanned images by using the
kyScan NRecon software. With these sets of data, morphological
easurement of the ﬁbre in 2D and 3D was carried out with the
elp of the SkyScan CTanalyser software. In the tomography scan-
ing, in order to obtain high resolution images, the X-ray beam isPlease cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
enerated with low power (30 kV) and high current of 120 A, in
ombination with long exposure time of 4000 ms.
Regarding the number of test ﬁbres, it should be noted that the
xtracted technical coir ﬁbres naturally present as such as in the PRESS
d Products xxx (2014) xxx–xxx
coconut husk. They are quite similar and less variation in terms of
ﬁbre structure and ﬁbre properties, as compared to other natural
ﬁbres (e.g. ﬂax, jute and bamboo). In this study, ten ﬁbre samples
were characterised using the two  methods.
2.3. Measurement of the ﬁbre density
Coir ﬁbre is a porous ﬁbre which comprises a high number of
lumens in the ﬁbre structure. When the ﬁbres are used in com-
posites, the ﬁbre volume fraction can be calculated by taking into
account the whole ﬁbre volume. However, only the solid material
of the ﬁbre will carry load during loading of the composite. Con-
sequently, both the density of the whole coir ﬁbre and that of the
ﬁbre solid fraction are important for the characterisation of ﬁbre
and composite properties. In this experiment, coir ﬁbres were cut
to different ﬁbre lengths of 4, 2, 1 and 0.5 mm and also to grinded
ﬁbre of approximately 0.05 mm length (considered as solid parti-
cles). The samples were weighed to know the mass, and the sample
volume was determined using a gas pycnometer (Beckman 930).
Accordingly, the density of the samples could be calculated by using
the measured mass and volume.
2.4. Single ﬁbre tensile tests
Single technical ﬁbres (which consist of a bundle of structurally
bonded elementary ﬁbres) were tested in tension on a mini uni-
versal test machine. Because of the small diameter of coir ﬁbres
(<0.5 mm),  it is practically difﬁcult to measure the ﬁbre strain
by using an extensometer, which is usually applicable for tensile
testing of larger samples. Therefore, two methods were used to
determine the ﬁbre strain in this study.
In the ﬁrst method, the test was performed on an Instron 5943
integrated with a camera system for optical strain measurement.
Speckles were created on the ﬁbre surface so that the camera sys-
tem could map  the ﬁbre strain during tensile loading. It should
be noted that the preparation of speckle pattern is very impor-
tant since the detection and calculation of ﬁbre displacements are
based on the speckle pattern. The smaller size and higher density of
speckles could provide more effective speckle pattern for the anal-
ysis. The recorded strain mapping data were analysed using Limess
software and the calculated strains were then linked with the ten-
sile load data to plot the stress–strain curve of the ﬁbres. A 1 kN
load cell was used for the test, and the crosshead speed was  set
at 1 mm/min. It should be noted that the load measurement accu-
racy of this new Instron machine is quite high (±0.5% of the reading
down to 1/500 of the load cell capacity of 1 kN, hence ±10 mN  on
a total of 2 N) so this provides an accurate measurement even at
the low loading forces used. At least 15 ﬁbres were tested in this
method.
The second method was based on correction of the ﬁbre slippage
and machine compliance. A variety of test span lengths (10, 15, 20,
25, 30 mm)  were used for performing the tensile test on a home-
made mini tensile machine. For each span length, a minimum of 15
ﬁbres were tested. Based on the obtained data of load and displace-
ment at different span lengths, a theoretical correction (developed
by Defoirdt et al., 2010), which is described in the following para-
graphs) for the ﬁbre slippage and machine compliance was used
to determine the correct strain of the ﬁbre samples. The crosshead
speed was  set at 1 mm/min and a 200 N load cell was  used in this
study.
Concerning sample preparation, for both methods, the ﬁbre
sample was randomly selected and glued into a paper frame, asicrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
shown in Fig. 1. This keeps the ﬁbre as straight as possible and
assures a good gripping. Before ﬁxing the ﬁbres in the paper frame,
the mass per length was  measured for every ﬁbre. The loaded cross-
sectional area of the ﬁbre, which was  used to convert applied force
ARTICLE IN PRESSG ModelINDCRO-7621; No. of Pages 9
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˛Fig. 1. Paper frame for single ﬁbre tensile test.
o stress, was calculated using the mass, the length and the mean
ensity of the coir ﬁbres. It is important to ermphasize that in this
tudy the density of the solid coir material was used, which means
hat the equivalent cross-section of the solid material was obtained.
As mentioned, in the second method, the measured displace-
ent will consist of ﬁbre strain, slippage and machine compliance.
 correction procedure for slippage and machine compliance devel-
ped by Defoirdt et al. (2010) was applied to the correct strain at
ailure and the E-modulus, described as follows:
The strain is expressed in Eq. 2-1:
ncorrected strain = ltotal
test length
= lﬁbre
test length
+ lnon-ﬁbre
test length
(1)
here ltotal is the measured displacement of the clamps, lﬁbre is
he elongation of the ﬁbre and lnon-ﬁbre is the displacement caused
y slippage and machine compliance.
The key element of this method is that the ﬁbre modulus is
etermined at inﬁnitely long test length. At inﬁnite ﬁbre length, the
isplacement that is not caused by the elongation of the ﬁbre can be
gnored. The procedure is that the measured (apparent) modulus
ata from each test are plotted as function of 1/(test length). Then,
y (linear) extrapolation to 1/(test length) = 0, the ﬁbre modulus at
nﬁnite ﬁbre length can be estimated (Ee).
To correct all the strain values for the effects of slippage and
achine compliance, the next step is to estimate a compliance fac-
or ˛i for each test; ˛i captures the effects of both slippage and
achine compliance for each test and is assumed to be a constant
or each test.
It can be written for a certain stress  at the ﬁrst linear part of
he stress–strain curve:
lﬁbre
test length
= 
Ee
(2)
It is assumed that the non-ﬁbre strain is proportional to the load
ut on the ﬁbre:
lnon-ﬁbre
test length
= ˛F
test length
(3)
here F is the load put on the ﬁbre (which corresponds to the cho-
en stress  as mentioned above) and  ˛ is the factor that estimates
he inﬂuence of slippage and the test setup compliance. So, for everyPlease cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
ested ﬁbre ˛i can be calculated:
i =
ltotal,i − lﬁbre,i
Fi
(4)Fig. 2. SEM images of cross-section of a typical coir ﬁbre with presence of lacuna
and elementary ﬁbres.
In the ideal case this factor should be the same for all tested
ﬁbres and for all measured test lengths. In reality, there is quite
some spread. In this work,  ˛ value was determined for each test
length: all ˛i values are plotted versus the test length and by a
linear regression, an estimation of the ˛test length value for each test
length can be determined. With this estimated value for ˛test length
the corrected strain can be calculated:
corrected strain = ltotal,i
test length
− ˛test lengthFi
test length
(5)
With the corrected strain values, the corrected stress–strain
curves can be drawn. From these, as a consistency check, it can be
veriﬁed if the E-moduli read from the corrected graphs, correspond
to Ee.
3. Results and discussion
3.1. Fibre internal microstructure and porosity
In Fig. 2, a typical cross section of a coir ﬁbre indicates that a
technical coir ﬁbre comprises numerous elementary ﬁbres with a
lumen inside. The larger hole, which is approximately located in
the centre of the technical ﬁbre, is called lacuna.
In the close up images of elementary ﬁbres as seen in Fig. 3a
and b, it can be seen that each elementary ﬁbre consists of two cell
wall layers which contain bundles of microﬁbrils, and the middle
lamella glues the elementary ﬁbres together. The structure of coir
ﬁbres follows the common cell wall structure of wood and plant
ﬁbres, but with much larger MFA  (Persson, 2000). In the primary
wall, the microﬁbrils seem to be oriented at around 45◦ to the ﬁbre
direction, while the angle is larger (close to 90◦) in the secondary
wall, as can be observed in Fig. 3b. The secondary wall is somewhat
thicker than the primary one. The high angle of the microﬁbrils in
coir ﬁbres is also reported in literature (Martinschitz et al., 2008).
Observably, coir ﬁbre is a hollow ﬁbre with quite big lumens and
thin walls, and the ﬁbre cross-section is rather circular.
Concerning the porosity of coir ﬁbres, the results from both
SEM image analysis and SEM-CT scans are compared. In Fig. 4, a
SEM image of the ﬁbre cross section is analysed using the software
Leica QWin, and the ﬁbre porous area is detected and calculated.
Assuming that the ﬁbre cross section, the lumen and the lacuna areicrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
uniform along the ﬁbre, the porosity of the ﬁbre is then calculated
based on the ratio of the porous area and the total area of ﬁbre cross
section. Using the same principle, the volume fraction of the lacuna
in the ﬁbre can also be determined.
ARTICLE ING ModelINDCRO-7621; No. of Pages 9
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of ﬁbre cross sections, and hence it will be in the range from 22 toig. 3. SEM images of elementary ﬁbres which show (a) different lumen and cell
alls and (b) some micro ﬁbrils the primary and secondary cell walls.
The results of all analysed ﬁbres are shown in Table 1. For each
bre, the data are obtained based on the analysis of three different
ross sections. To have an idea about the size of the tested ﬁbres,
he ﬁbre diameter is approximately determined based on ﬁbre crossPlease cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
ectional area by simply assuming the ﬁbre has a circular cross sec-
ion. With the SEM method, the results show that the ﬁbre porosity
s in the range from 22 to 30%.
Fig. 4. Image analysis to measure the porous area of the  PRESS
d Products xxx (2014) xxx–xxx
Considering the ﬁbre lacuna, its volume fraction in the ﬁbre is
around 2–3%. It should be noted that this analysis of ﬁbre poros-
ity has some limitations. In reality, the lumen are not connected
between the elementary ﬁbres which are located in the same line
along the technical ﬁbre (as seen in Fig. 6). Therefore, the calculation
of the volume of lumens based on their cross sectional areas may
give some overestimation. On the other hand, the lumen of each
elementary ﬁbre is not a cylinder (the cross section of lumen is not
uniform, but its cross section is decreasing from the middle to the
ends of the elementary ﬁbre). In this case, the volume of lumens
can be underestimated when a smaller cross section is analysed.
Therefore, the hypothesis has been used that by using 3 random
cross-sections, a good approximation of the average lumen size will
be obtained (given also the relatively uniform cross-section of the
ﬁbres).
In the analysis of the ﬁbre structure using SEM-CT scans, a vol-
umetric data set of scanned ﬁbre samples is reconstructed from
scanned images. The structure can be observed by orthogonal vir-
tual slicing through the 3D structure (Fig. 5). It can be seen that the
elementary ﬁbres are discontinuous and oriented uni-directionally
in the ﬁbre direction. The lumen are also discontinuous and remain
inside every individual elementary ﬁbre (Fig. 6). The lacuna is a
cylindrical channel in the middle of the technical ﬁbre. With the
help of the software SkyScan CTAn, a 3D model of the ﬁbre can be
built from the reconstructed data set, and internal structural mea-
surements such as ﬁbre porosity and lacuna volume fraction are
carried out. The result of these analyses is also shown in Table 1.
The porosity of the coir ﬁbres (from 10 tested ﬁbres) ranges
from 27 to 40%, except the value of ﬁbre number 10, which is
approximately 46%. In comparison with the results obtained from
the analysis of the SEM images of cross sections, the ﬁbre porosity
from this analysis is higher. The method is based on a densitometry
principle; the quality of the scanned images depends on the density
difference between the ﬁbre solid material and air. Because this dif-
ference is not large in case of coir ﬁbre, some errors are included.
Besides, coir ﬁbres consist of various thin organic tissues, which
may  not be detected on the scanned images. Hence, the ﬁbre poros-
ity analysed with this method is likely to be overestimated since the
ﬁbre solid material is not fully determined.
In summary, the two discussed methods offer good tools to
study the porosity and generally the internal structure of coir ﬁbres.
Based on the above discussion, it can be hypothesised that the ﬁbre
porosity will be better estimated by image analysis on SEM picturesicrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
30%.
Regarding the elementary ﬁbres, using orthogonally sliced SEM-
CT images of coir ﬁbre (in longitudinal and transverse direction),
ﬁbre cross-section using the software Leica QWin.
Please cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
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Fig. 5. Three orthogonal virtual slices through a 3D reconstructed internal structure of co
(c)  transaxial image and (d) sagittal image.
Fig. 6. Schematic presentation of the orthogonal slice of technical coir ﬁbre which
shows the organisation of elementary ﬁbres (with lumen) inside the technical ﬁbre.ir ﬁbre obtained from SEM-CT scanned images, (a) coronal image (b) 3D navigation
the length and diameter of elementary ﬁbres can be estimated as
shown in Fig. 7. In these images, the vertical section of elementary
ﬁbres is seen to have an elliptical shape. Hence, the length of the
elementary ﬁbre is approximately equal to the major diameter of
this ellipse shape. The diameter of the elementary ﬁbres is deter-
mined from the ﬁbre cross section. The results are presented in
Table 1.
From the measurement of ten ﬁbres, the length of elementary
ﬁbres is in the range of 350–950 m,  which is quite close to the
reported values for Philippines’ coir, ranging from 700 to 1100 m
(van Dam et al., 2006). The result measured in this study may be
underestimated since the analysed vertical sections of elementary
ﬁbre may  not be from the centre of each ﬁbre. Therefore, it is rec-
ommended to rather refer to the higher value in the range as the
representative length.
For the average diameter of the elementary ﬁbres, their values
range from 6 to 19 m which depends on their location in the tech-
nical ﬁbre. It is observed that the elementary ﬁbres located near
the lacuna have a bigger diameter than those close to the edge of
the technical ﬁbre. Again here, because the measured values are
obtained from a random cross-section, the values are estimations
of the average cross-section.icrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
3.2. Density of coir ﬁbres
Fig. 8 presents the density of coir ﬁbre as function of the length
of the tested ﬁbre sample, from pycnometer measurements. The
Please cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
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Fig. 7. Measuring the length and diameter of elementary ﬁbres from SEM-CT sliced
images. The length of lumens (in black) gives an estimation of elementary ﬁbre
length.
results show that the density of solid ﬁbre material measured on
grinded powder (estimated length of 0.05 mm)  is approximately
1.3 g/cm3 (in the range of its constituents’ density: the cellulose and
lignin density are 1.53 g/cm3 and 1.06–1.33 g/cm3 respectively).
The density decreases to 0.9 g/cm3 with increasing ﬁbre length,
and this value should be considered as the density of structural
coir ﬁbre.
The results can be explained considering the internal porous
structure of coir ﬁbre. The density of ﬁbre was determined by the
ratio of the weight of ﬁbre samples and their volume. At very short
length (approximately 0.05 mm),  the solid material of coir ﬁbre is
characterised. The measured volume is the volume of the ﬁbre solid
material. With increasing ﬁbre length, the enclosed porosity (in
elementary ﬁbres) of the ﬁbre sample increases. In this case, the
measured volume includes the ﬁbre solid volume and the enclosed
air volume in elementary ﬁbres. Consequently, the ﬁbre density cal-
culated based on ﬁbre sample volume changes with the change of
ﬁbre length. The density will decrease with increasing ﬁbre length
because more “closed” porosities will be present in the sample.
Based on this result, the average (lumen) porosity of coir ﬁbres
can be derived by the ratio of the ﬁbre air volume and the total ﬁbre
volume, which gives about 31%. This result is quite consistent with
that obtained from image analysis from SEM images of the cross
sections.
3.3. Tensile mechanical properties of coir ﬁbresicrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
As described in Section 2.4, the coir ﬁbres were tested using a
tensile machine with an optical strain mapping system. The dis-
placement of the speckles on the ﬁbre surface was captured by the
camera, and analysed using the software Vic-2D. Fig. 9a presents
0.5
0.7
0.9
1.1
1.3
1.5
0.0 0.5 1. 0 1.5 2. 0 2.5 3. 0 3.5 4. 0 4.5
D
en
si
ty
 (g
/c
m
3 )
Fibre length  (mm)
Fig. 8. Density of coir ﬁbre as function of the length of the ﬁbre samples; results
from pycnometer measurements.
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van Dam et al., 2006).
With the procedure using a correction for slippage and machine
compliance, by using different test span lengths, the extrapolated
E-modulus at inﬁnite test length was  ﬁrst obtained by plotting aig. 9. Optical strain mapping in ﬁbre tensile test (a) image correlation shows ﬁbre
train  distribution of analysed coir ﬁbre and ﬁbre strain calculated by the software 
he image correlation process with tracking the ﬁbre displacement.
he strain distribution of the analysed ﬁbre is then deﬁned as
hown in Fig. 9b. In order to create a strain distribution map  of
he ﬁbre, during the deformation of the ﬁbre under tensile loading,
 series of images of the ﬁbre surface are captured to evaluate the
hange of the ﬁbre surface thanks to speckle pattern created on the
bre surface. The differences between speckle patterns can be cal-
ulated by correlating all the pixels of the reference image (image
aken before loading) and any deformed image.
The strain of each analysed ﬁbre is then linked to the corre-
ponding tensile load recorded by the tensile testing machine to
btain the stress–strain curves (the stress is determined by the ratio
f the tensile load and the initial area of ﬁbre solid cross-sectionPlease cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
hich is calculated by using the ﬁbre length and the solid ﬁbre
ensity of 1.3 g/cm3). The curves show that coir ﬁbre are a linear
lastic at low stress, and then shows plastic behaviour until ﬁbre
ailure at very high strain to failure (Fig. 10).
Fig. 10. Typical tensile stress–strain curves of single coir ﬁbres.cement mapped by tracking the movement of speckles on the ﬁbre surface and (b)
.
The tensile modulus, strength and strain to failure of the coir
ﬁbres were calculated and are shown in Table 2. It can be seen that
the coir ﬁbres have high strain to failure, but are not so strong and
stiff. As known from the analysis of the ﬁbre internal structure, coir
ﬁbres have a high MFA, which explains the low stiffness in ﬁbre
direction and the high elongation thanks to reorientation of the
microﬁbrils under tensile loading. The properties of the ﬁbres are
comparable with previously reported results (Defoirdt et al., 2010;icrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
Table 2
Tensile E-modulus, strength and strain to failure of coir ﬁbre by two different testing
methods (optical strain mapping and corrected ﬁbre strain from a range of test
lengths); the ﬁbre density used to determine ﬁbre cross-sectional area was1.3 g/cm3.
A. Optical strain mapping (5 mm test length)
E-modulus (GPa) 4.6 ± 1.1
Strength (MPa) 234.2 ± 57.4
Strain at failure (%) 18.0–36.7
B.  Range of test lengths (10, 15, 20, 25 and 30 mm)
Extrapolated E-modulus
(GPa)
4.54
E-modulus from
corrected stress–strain
curves (GPa)
4.9 ± 0.9
Strength (MPa) 204.6 ± 39.8
Measured strain at
failure (smallest test
length/longest test
length) (%)
44.7 ± 11.4/34.4 ± 4.9
Corrected strain at
failure (smallest test
length/longest test
length) (%)
41.0 ± 10.7/33.5 ± 5.0
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coir ﬁbre. The ﬁbre porosity and the dimensions of lumen, lacuna
and elementary ﬁbres were determined by using 3D informationFig. 11. Alpha values in function of the test length.
rendline of the measured E-modulus at different test lengths as
hown in Fig. 11a. An extrapolated modulus value of 4.54 GPa was
btained (see also Table 2). Next, the factor ˛i was calculated for
ach tested ﬁbre. Fig. 11 shows average  ˛ values for the different
est lengths, where the  ˛ value depends on the test length. In the
tudy of Defoirdt et al. (2010), it is suggested that  ˛ is rather caused
y slippage than by test setup compliance. At shorter test lengths,
he  ˛ values are higher which means the measured extra strain
s determined more by slippage in the clamps than by test setup
ompliance, which should be assumed as constant. Because of the
bserved variation of the  ˛ values, a linear regression line was con-
tructed to obtain the most probable  ˛ value for each test length,
o correct the ﬁbre strain values.
The corrected strain values were used to construct the cor-
ected stress–strain curves, from which once more E-moduli were
ead. Measured and corrected E-moduli are presented in function
f the used test lengths in Fig. 12a. The measured modulus is clearly
epending on the test length which means that slippage and test
etup compliance inﬂuence the moduli. After correction, the cor-
ected E-moduli are as expected independent on the test length, and
he correction is larger at shorter test length. The mean value of the
orrected E-modulus is around 4.9 GPa which is quite consistent
ith the value obtained from the optical strain mapping method.
he corrected values are a bit higher than the extrapolated mod-
lus of 4.54 GPa, which was the baseline value for the correction
rocedure. In principle, the corrected values should be exactly the
ame as the extrapolated value, but the correspondence is believed
o be acceptable. The discrepancy can be attributed to the fact that
verage  ˛ values were used in the correction.
In the same manner as the E-modulus, the measured strain to
ailure is dependent on the test length. It can be seen that the cor-
ected strain to failure stays dependent on the test length (Fig. 12b),
hich is logically linked to the failure probability theory. The longer
he ﬁbres, the higher the chance of defects and the earlier they
reak. The strain to failure at 10 mm test length is approximately
0% which is comparable with the value obtained from the optical
train mapping and literature values at similar test length (Defoirdt
t al., 2010; van Dam et al., 2006).
The ﬁbre strength is expected to decrease like the strain to fail-
re when the test length increases following the probability of
reakage theory, but it was  not observed. The strength seems to stay
n a range from 170 to 240 MPa, which is situated in the middle of
iterature values (Munder and Hempel, 2006; van Dam et al., 2006).
pparently, the defect sensitivity of coir ﬁbres is relatively low. This
s logical, as failure is proceeded by massive plastic deformation.
As a conclusion on the test methods, it can be stated that opti-
al strain mapping provides a fast and precise way  to determine
he ﬁbre elongation during tensile loading, in comparison with thePlease cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
rocedure using a correction for slippage and machine compliance,
y using different test span lengths. On the other hand, the data atFig. 12. Tensile properties of coir ﬁbre: (a) uncorrected and corrected E-modulus as
function of 1/test length, (b) uncorrected and corrected strain and (c) strength as a
function of test length.
different test lengths in the latter method give more information
about the defect sensitivity of the ﬁbres.
4. Conclusion
The characterisation of the coir ﬁbre cross section using SEM
shows that technical coir ﬁbres comprise plenty of elementary
ﬁbres (in the range of 200–300 elementary ﬁbres) and a lacuna at
the centre. The elementary ﬁbre is built up by two main cell walls
which consist of bundles of microﬁbrils aligned in a high angle to
the ﬁbre axis (high microﬁbril angle). Coir ﬁbre appears to have
high porosity at 22–30%.
SEM-CT is a good tool for analysing the internal structure oficrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
and three orthogonal virtual slices of the scanned ﬁbre. The results
conﬁrm that coir ﬁbre has a high porosity.
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Single ﬁbre tensile testing with optical strain mapping offers a
ast (tests are only performed at one test length) and efﬁcient tool to
easure tensile properties of coir ﬁbres. The test using different test
engths gives information about the defect sensitivity of the ﬁbres
nd shows that the defect sensitivity of coir ﬁbres is relatively low.
he results of both methods indicate that coir ﬁbres are not very
trong and stiff (strength and stiffness are approximately 234 MPa
nd 4.6 GPa respectively), but have high strain to failure (20–40%),
hich may  increase toughness of composites when they are used
s reinforcement for the composites.
By understanding the ﬁbre structure including ﬁbre porosity
nd ﬁbre mechanical properties, the investigation of coir ﬁbre com-
osite (e.g. ﬁbre volume fraction and mechanical properties of the
omposite) is more accurate and reliable.
cknowledgments
The authors wish to thank Gregory Pyka for help in perform-
ng SEM-CT scans, and Can Tho University for providing the coir
bres. We  also thank KU Leuven and the Belgian Science Policy
epartment (BelSPO) for supporting our research. Prof. I. Ver-
oest is holder of the Toray Chair in Composite Materials at KU
euven.
eferences
aley, C., 2002. Analysis of the ﬂax ﬁbres tensile behaviour and analysis of the tensile
stiffness increase. Compos. Part A: Appl. Sci. 33, 939–948.
ledzki, A.K., Gassan, J., 1999. Composites reinforced with cellulose based ﬁbres.
Prog. Polym. Sci. 24, 221–274.
urgert, I., 2006. Exploring the micromechanical design of plant cell walls. Am.  J.Please cite this article in press as: Tran, L.Q.N., et al., Investigation of m
for use in composite materials. Ind. Crops Prod. (2014), http://dx.doi.o
Bot. 93, 1391–1401.
hi, Z., Chou, T.-W., Shen, G., 1984. Determination of single ﬁbre strength distribution
from ﬁbre bundle testings. J. Mater. Sci. 19, 3319–3324.
oleman, B., 1958. On the strength of classical ﬁbres and ﬁbre bundles. J. Mech. Phys.
Solids 7, 60–70. PRESS
d Products xxx (2014) xxx–xxx 9
Defoirdt, N., Biswas, S., Vriese, L.D., Tran, L.Q.N., Acker, J.V., Ahsan, Q.,  Gorbatikh,
L.,  Vuure, A.V., Verpoest, I., 2010. Assessment of the tensile properties of coir,
bamboo and jute ﬁbre. Compos. Part A: Appl. Sci. 41, 588–595.
Fengel, D., Wegener, G., 1989. Wood: Chemistry, Ultrastructure, Reactions. Walter
de  Gruyter, Berlin.
Lefeuvre, A.L., Bourmaud, A., Morvan, C., Baley, C., 2014. Elementary ﬂax ﬁbre tensile
properties: correlation between stress–strain behaviour and ﬁbre composition.
Ind. Crop Prod. 52, 762–769.
Martin, N., Mouret, N., Davies, P., Baley, C., 2013. Inﬂuence of the degree of retting of
ﬂax ﬁbers on the tensile properties of single ﬁbers and short ﬁber/polypropylene
composites. Ind. Crop Prod. 49, 755–767.
Martinschitz, K.J., Boesecke, P., Garvey, C.J., Gindl, W.,  Keckes, J., 2008. Changes in
microﬁbril angle in cyclically deformed dry coir ﬁbers studied by in-situ syn-
chrotron X-ray diffraction. J. Mater. Sci. 43, 350–356.
Munder, F., Hempel, H., 2006. Mechanical and thermal properties of bast ﬁbers
compared with tropical ﬁbers. Mol. Cryst. Liq. Cryst. 448, 197/[799]-209/[811].
Mu¨ssig, J., Stevens, C., 2010. Industrial Applications of Natural Fibres: Structure,
Properties and Technical Applications. John Wiley & Sons, United Kingdom.
Navi, P., Rastogi, P.K., Gresse, V., Tolou, A., 1995. Micromechanics of wood subjected
to  axial tension. Wood Sci. Technol. 29, 411–429.
Osorio, L., Trujillo, E., Van Vuure, A.W., Verpoest, I., 2011. Morphological aspects and
mechanical properties of single bamboo ﬁbers and ﬂexural characterization of
bamboo/epoxy composites. J. Reinf. Plast. Comp. 30, 396–408.
Page, D.H., El-Hosseiny, F., Winkler, K., 1971. Behaviour of single wood ﬁbres under
axial tensile strain. Nature 229, 252–253.
Persson, K., 2000. Micromechanical Modelling of Wood and Fibre Properties. Lund
University, Sweden.
Pickering, K., Beckermann, G., Alam, S., Foreman, N., 2007. Optimising industrial
hemp ﬁbre for composites. Compos. Part A: Appl. Sci. 38, 461–468.
Silva, G.G., De Souza, D.A., Machado, J.C., Hourston, D.J., 2000. Mechanical and
thermal characterization of native Brazilian coir ﬁber. J. Appl. Polym. Sci. 76,
1197–1206.
Snell, R., Hague, J., Groom, L., 1993. Characterising agroﬁbers for use in com-
posite materials. In: Proceeding of the 4th International Conference on
Woodﬁber–Plastic Composites, Madison, WI,  pp. 5–11.
Tomczak, F., 2007. Studies on lignocellulosic ﬁbers of Brazil. Part II: Morphology and
properties of Brazilian coconut ﬁbers. Compos. Part A: Appl. Sci. 38, 1710.
Trujillo, E., Moesen, M.,  Osorio, L., Van Vuure, A., Ivens, J., Verpoest, I., 2014. Bam-
boo  ﬁbres for reinforcement in composite materials: strength Weibull analysis.icrostructure and tensile properties of porous natural coir ﬁbre
rg/10.1016/j.indcrop.2014.10.064
Compos. Part A: Appl. Sci. 61, 115–125.
van Dam, J.E., van den Oever, M.J., Keijsers, E.R., van der Putten, J.C., Anayron, C., Josol,
F.,  Peralta, A., 2006. Process for production of high density/high performance
binderless boards from whole coconut husk: Part 2: Coconut husk morphology,
composition and properties. Ind. Crop Prod. 24, 96–104.
